Abstract: A new approach for performing confocal microscopy without no mechanical scanners was reported by a broadband light source, two similar 2-D wavelengthdispersive optical elements, and an uncooled charge-coupled device (CCD). In the new approach, 2-D sample structures were simultaneously and instantly mapped into the CCD by performing two balanced wavelength-to-space transformations and one spaceto-wavelength transformation. Compared with a traditional mechanical-scanner-based confocal microscope, no mechanical scanners or additional post dataprocessing were required in this new approach. The sectioned images are directly shown in the CCD. The demonstrated balanced wavelength-encoded confocal microscope has a simple configuration and shows great potential for high imaging speed. It has the advantage of miniaturized packaging and other applications outside of the laboratory as well.
Introduction
Since the invention of confocal microscopy, it has become an important diagnosis tool widely used in the biological, medical, industrial, semiconductor, and physical fields due to its capability in noninvasively imaging sectioned microstructures inside thick specimens with a high contrast and a micro-meter resolution [1] , [2] . Currently, besides the basic research requiring maximum performance inside the laboratory, the major focus of research on confocal microscopy is to develop higher speed, miniaturized, and simpler imaging instruments [3] . This is due to the fact that motion artifacts can be avoided with a high speed confocal microscope. Moreover, a simple and miniaturized confocal microscope can be easily incorporated into an endoscope or a catheter or even into charge-coupled device (CCD) cameras inside smart-phones, which is utilized to image microscope structures inside a hollow cavity or outside of the laboratory environments.
However, in a traditional laser scanning confocal microscope, bulky mechanical beam scanners are usually needed so that the excitation laser beams are sequentially focused on the samples point to point by scanners and an objective. The reflected light, encoded by 2-D sample structures in the time domain, was detected and then decoded into images by computers. These mechanical scanners introduce fluctuations or noise during the process of image acquisition. Furthermore, miniaturizing mechanical scanners, such as galvanometers, resonant mirrors, and spinning polygons, remain a challenge to the development of hand-held compact microscopes and endoscopes for imaging inside hollow tissue cavities [4] .
To date, for replacing one or two bulky mechanical scanners inside confocal microscopes, various wavelength-to-space disperser(s) was utilized in confocal microscope [4] - [10] . In the wavelength-to-space disperser(s), different wavelength components of the excitation source's emission spectrum are focused and mapped to different positions within the sample by various diffractive or dispersive optical elements, such as gratings [4] - [6] , virtually imaged phase arrays (VIPAs) [7] , [8] , prisms [9] , or Fresnel lens [10] , [11] . The reflected optical spectrum from the specimen is then encoded for the sample structure. The encoded spectrum is then passed through the confocal pinhole and decoded at the detection end by different optical systems, such as the heterodyne Fourier-transform spectroscopy [4] , the optical spectrometry [5] , [7] , [10] , [11] , or a high-speed detection system [6] , [8] . In these decoding systems, additional post data-processing hardware and software procedures are needed to deduce the 2-D or 3-D sample image according to the sample-encoded spectrum, which increases the system's complexity and slows down the imaging speed.
In this paper, we proposed and demonstrated a new approach to mechanical scan-free confocal microscope with a super-continuum source, two balanced 1-D or 2-D wavelength-to-space dispersers and an un-cooled CCD. The Core components of the proposed wavelength-encoded confocal microscope are two similar 1-D or 2-D wavelength-to-space dispersers which symmetrically transform the sectioned sample structures onto the CCD chip instantaneously, without requiring mechanical scanners on the sample side or additional post data-processing process for image recovery. The demonstrated balanced 2-D wavelength-encoded confocal microscope is simple in configuration, and has the advantages of high imaging speed and miniaturized packaging, which could thus make it ideal for many biological and clinical applications. Fig. 1(a) shows a schematic diagram of the 2-D mechanical scan-free confocal microscope. A broadband super-continuum source was used as the excitation light source, which output bandwidth spanned from 450-2400 nm. The excitation source was connected to a 50/50 directional fiber coupler (FC-632-50B-APC, Thorlabs). One terminal of the 50/50 coupler (Port 2) was angle-cleaved. Index-matching oil was used to eliminate reflection from the fiber-air interface, which could produce a strong noise background in the confocal microscope. The measured intensity of reflected light was at least 60 dB lower than that of transmitted light in Port 2 throughout the experiment. At the other output terminal (Port 3), as can be seen in Fig. 1(b) , the input beam was collimated by a reflective parabolic collimator (RC08APC-P01, Thorlabs). The collimated beam, with an 8 mm beam size, was then dispersed by a 2-D wavelength-to-space disperser, which consists of a prism in the vertical direction (y-axis) and a grating in the horizontal direction (x-axis). Fig. 1(b) shows that the optical spectrum was converted to a spatial-spectral pattern in the wavelength-to-space disperser. First, the prism with a 60 degree apex angle dispersed the broadband excitation light into a 1-D spatial-spectral pattern. The 1-D vertical spatial-spectral pattern was then transformed into a 2-D spatial-spectral pattern by a grating with a 1200 line/mm groove density. According to the prism equation and grating equation [12] , the calculated angular dispersions of the prism and grating in this experiment were 0.00216 degrees/nm and 0.0834 degrees/nm, respectively. The formed 2-D spatial-spectral pattern was focused onto the sample by an achromatic doublet (AC-027-019-B-ML, Thorlabs) with a 1.9 cm focal length. The 2-D wavelength-to-space dispersers and focusing lens formed one-to-one spatial mapping between the excitation wavelength and 2-D spatial coordinates in the focal plane of L 1 . The reflected 2-D spatial-spectral pattern from the sample, encoded by the sample structure, was converted into the same single point light source by the same wavelength-space mapping optical elements, as shown in Fig. 1(a) . The core of the collection fiber at Port 3 also acted as a confocal pinhole rejecting the out-of-focus reflected light. The reflected light (in the wavelength domain) from Port 3 was directed to Port 4 by the same 50/50 coupler. As shown in Fig. 1(c) , the 2-D spatial-spectral pattern, encoded by the specimen structure, was dispersed by a similar 2-D wavelength-to-space disperser [see Fig. 1(b) ], and focused onto an un-cooled Silicon CCD (PL-B959, EO Edmunds) offering a frame rate up to 15 Hz.
Experimental Details

Experimental Results
In order to quantitatively characterize the limitation of available bandwidth, produced from the fiber coupler, focusing lens, wavelength-dispersers and CCD, we first performed 1-D wavelength encoded confocal microscopy. In the 1-D microscope, the 2-D wavelength-to-space disperser, shown in Fig. 1(b) and (c), was replaced by a 1-D wavelength-to-space disperser which is composed of single prism only. The system performance of the proposed mechanical scan-free confocal microscope was characterized using a USAF-1951 resolution target as a test sample. Behind the resolution target is a miniaturized digital microscope (UPG-620, UPMOST) which was used to monitor the location of the illuminated 1-D spatial-spectral pattern. Fig. 2(a) shows the typical spectrum of the super-continuum light after Port 3. The spectrum of the supercontinuum cannot be fully used here due to limited bandwidth of the 50/50 fiber coupler and the CCD. A USAF-1951 resolution target was used as the first test sample. Fig. 3(a) shows the unprocessed image of a group of seven elements on the test target and the inset shows a magnified image of the area inside the dashed box in Fig. 3(a) . For Elements 2 to 6 in group 7, clearly observed in the inset, show that the resolution was better than 2.28 m which is the smallest pitch width in the resolution chart. Fig. 3(b) shows the schematic of all elements in the Group 6 and 7 of the USAF-1951 resolution chart for comparing the imaging of the resolution chart. On the other hand, the reference microscope image, indicating the locations of 1-D corrugated spectral-spatial pattern, is shown in Fig. 3(c) . It was acquired from the back side of the resolution chart by the compact USB microscope. From Fig. 3(c) , the 1-D spatial-spectral pattern was illuminated on the elements 2 to element 6 of Group 7. The position of illumination pattern is also marked as the red-dashed line in Fig. 3(b) . By comparing Fig. 3(b) and the inset of Fig. 3(a) , the elements 6 in group 7, with a 2.28 micron pitch size, can be resolved in the inset of Fig. 3(a) . The marked element numbers are also added into the inset of Fig. 3(a) to indicate the element number of Group 7.
On the other hand, Fig. 3(a) shows the 1-D corrugated pattern with an observed length of $ 314 m.
Assuming a 1-D wavelength-to-space disperser with angular dispersion @=@, a lens with a focal length f and the field of view (FOV) can be defined by the following equation:
In (1), the angular dispersion should be calculated in radians. Based on the measured FOV and the theoretical angular dispersion and focal length, we can calculate that the available bandwidth was about 438.4 nm. Compared with the measured spectrum at Port 3, shown in Fig. 2 , for this new confocal microscope, we can estimate that the upper limit of the available wavelength was located in the 500-600 nm wavelength regimes and the lower limit of the available wavelength in the 1000-1100 nm regimes.
From the 1-D measurement, the available bandwidth and resolution were determined. One can add another 1-D mechanical scanner, such as a stepping motor or Galvono mirror, to perform 2-D confocal images. In this work, we perform 2-D confocal images by the proposed 2-D mechanical scan-free confocal microscope. Fig. 4(a) shows the schematic of the 2-D spectral-spatial pattern which is similar to a parallelogram. The super-continuum light was dispersed into a 1-D spatial-spectral pattern, as shown in the color bar in Fig. 4(a) , by the prism with a 60 degree apex angle, and the 1-D spatial-spectral pattern is then dispersed into the 2-D pattern by the grating. The theoretical image shape is shown in the red-dashed box of Fig. 4(a) . The size can be easily calculated individually according to the prism equation and grating equation. From Fig. 2 , assuming the upper and lower limit of the available wavelength were 500 nm and 1000 nm, respectively. According to the prism equation with 60 degree apex angle, the refraction angle difference between the 500 nm and 1000 nm beam is 1.08 degrees. With a lens with 19 mm focal length, the length of the prismdispersed beam was 358 m (H). On the other hand, the refraction angle difference between the 500 nm and 1000 nm beam was 41.7 degrees. The calculated theoretical length of gratingdispersed beam was 13.82 cm (L). However, in the experiment, instead of a rectangular patter, the 2-D illumination pattern is like a parallelogram. The 1-D spatial-spectral pattern which is divided into many sub-sections with a smaller bandwidth. Each sub-section was individually dispersed by a grating with a 1200 lines/mm groove density to form a 2-D illumination pattern. However, the ratio between the base and height of the 2-D parallelogram pattern on the sample is strongly dependent on the angular dispersion ratio of prism and grating, the bandwidth of each sub-section in the 1-D spectral-spatial pattern, and highly wavelength-dependent diffraction efficiencies of gratings.
Based on the configuration described in Fig. 1(a) , the 2-D mechanical scan-free confocal imaging is performed. An inter-digital electrode was utilized used as a test sample to obtain the experimental image size of this proposed 2-D mechanical scan-free confocal microscope. Fig. 3(b) shows the confocal image of the inter-digital electrode. Sectioned images of metal electrodes can be directly obtained from CCD, as described above. By moving the sample, the measured image size was 348 m by 143 m. The image size can be also be double confirmed by the corresponding bright field microscopic image of the inter-digital electrode is shown in Fig. 3(c) . In the 2-D confocal measurement experiment, the typical integration time of the CCD was below 30 ms on the samples exposed to under an illumination with power of 100 W. In this experiment, the images in Fig. 3 The preliminary results, shown in Fig. 3 (b) , demonstrate the real-time capability of using the proposed 2-D mechanical scan-free confocal microscope method for the imaging of industrial or biological samples. Moreover, the mechanical scan-free confocal microscopes also have the potential for integration since all the elements, including the collimator, prism, and grating in the sample arm (Port 3) and CCD arm (Port 4) could be further miniaturized using graded-index collimators, micro-prisms and holographic gratings, collectively. The core of the collimation fiber at Port 3 rejects the out-of-focus reflected light so that the confocal pinhole could be removed thereby further simplifying the system. The fiber-based confocal system also provides flexibility and easy maintenance. Thus, a maximum CCD rate was 15 frames per second. By incorporating two balanced 2-D wavelength-to-space dispersers, the sectioned structures of the sample were simultaneously mapped onto the CCD without mechanical scanners on the sample side, nor the addition of a post decoding procedure along the 2-D wavelength encoded axis (x and y) for image recovery.
Discussions
A frame rate of up to 15 Hz, limited by the available CCD frame rate, was achieved with the demonstrated 2-D mechanical scan-free confocal microscope. Since there was no post-data processing procedure, using a higher-speed CCD is a viable way to increase the frame rate in the proposed mechanical-scan free confocal microscope. Currently, high-speed CCDs with a frame rate of several MHz have been developed [13] and integrating this kind of CCD in our proposed system is helpful to increase the frame rate. For the sample viability, the sample cannot be illuminated with high-power light. Therefore, on the other hand, another limitation to obtain the higher imaging speed is the trade of the sensitivity and frame rate [7] , [8] under limited illumination power for sample viability. This limitation can be resolved by inserting a broadband amplifier in Port 4 where the image amplification in the optical domain might be a solution [7] , [8] .
For the imaging area, the image size (Field of View) can be increased, as shown in (1), by increasing the focal lens of L 1 , the available working bandwidth, and the angular dispersion of the 2-D wavelength-to-space disperser. Increasing the focal lens of L 1 will degrade the image resolution. The available working bandwidth is limited both by the bandwidth of the light source and the wavelength response of the optical elements used in the proposed 2-D mechanical scan-free confocal microscope comprising the 50/50 fiber output coupler, prism, grating and CCD. To increase the available working bandwidth, the fiber coupler can be replaced with a traditional beam splitter with a wider bandwidth or an ultra-broadband fiber coupler [17] with a more than 1000 nm bandwidth. On the other hand, the working bandwidth can be extended by connecting another IR CCD in parallel the silicon-based CCD because the Silicon-CCD's operational wavelength is below 1100 nm. Finally, the angular dispersion can be increased by incorporating highly-wavelength-dispersed optical elements, such as VIPA [7] , [8] or super-prisms [14] - [16] .
The factors limiting the frame rate and image size can be improved by using the technology already available today. This report represents a step toward the production of a mechanicalscan-free miniaturized confocal microscope with a high frame rate and simple configuration. Several improved versions of our system are currently being developed and will be applied to in-vivo studies in the near future.
In this experiment, only sectioned images near the surface was shown because of the poor signal to noise ratio (SNR) of the 2-D wavelength-encoded confocal system, where all the optical power was simultaneously illuminated on the entire focal plane of sample. The illumination power in each pixel was limited. In this preliminary experiment, the SNR was limited by the average power of the light source and the loss from the diffraction gratings and prisms due to the fact the signal intensity is proportional to the cubic of grating transmission efficiency (twice in Port 3 and once in Port 4). For future confocal in-depth imaging, we require a higher system SNR system which can be implemented by increasing the power of the source and decrease the insertion loss of each optical element in the proposed microscope.
Conclusion
In conclusion, a new approach to mechanical scan-free confocal microscope is proposed and demonstrated using a super-continuum source, two balanced 2-D wavelength-to-space dispersers and an un-cooled CCD. With two similar 2-D wavelength-to-space dispersers, sectioned sample structures are symmetrically transferred onto the CCD instantaneously, without requiring any mechanical scanners on the sample side or additional post data-processing process for image recovery. The demonstrated mechanical scan-free confocal microscope, simple in configuration, shows the capability of high imaging speed and miniaturized packaging, making it ideal for many industrial, biological, and clinical applications.
